19 This type of molecule, containing two like meso-carbon atoms, possesses a twofold axis of symmetry and offers an exception to the rule of Racusen and Aronoff (D. W. Racusen and S. Aronoff, Arch. Biochem. Biophys., 34, 218 [19511) First in 1928, and again in further detail in a series of papers beginningin 1941, B6k6syI reported the results of direct observations on the form of response in the cochlea. In fresh human temporal bones in which suitable exposures had been made, he examined the motions of the basilar membrane and related structures under the microscope with stroboscopic illumination. These motions were found to take the form indicated in Figure 1 . The pattern illustrated is that produced by a tone of intermediate frequency. A large portion of the membrane, extending from the basal end to well beyond the middle of the cochlea, is set in vigorous vibration, and then, in the more apical regions, the amplitude of the displacement changes rapidly and finally falls to zero. The phase of the motion of different parts of the membrane varies only moderately over the main portion of the excited region, which may. be called the "primary zone," and then varies greatly beyond the maximum, where the amplitude grows small. The patterns for higher tones are similar, except that they are displaced toward the basal end of the cochlea and hence involve smaller amounts of the basilar membrane in vigorous motion.
The pattern illustrated is that produced by a tone of intermediate frequency. A large portion of the membrane, extending from the basal end to well beyond the middle of the cochlea, is set in vigorous vibration, and then, in the more apical regions, the amplitude of the displacement changes rapidly and finally falls to zero. The phase of the motion of different parts of the membrane varies only moderately over the main portion of the excited region, which may. be called the "primary zone," and then varies greatly beyond the maximum, where the amplitude grows small. The patterns for higher tones are similar, except that they are displaced toward the basal end of the cochlea and hence involve smaller amounts of the basilar membrane in vigorous motion.
A different approach to the problem of the pattern of cochlear action was made more recently by Wever and Lawrence2 by the use of electrical potentials. The experiments were carried out on anesthetized cats, and their ears wAere stimulated in two ways, by a tone introduced into the external auditory meatus in the usual manner and by a tone introduced through a small hole drilled through the bony wall at the apical end of the cochlea. Both these forms of stimulation are effective in eliciting cochlear potentials, and, when the same tone is presented simultaneously by both pathways, the resulting potentials represent a summation of the two separate stimulations. More exactly, this is a vectorial summation in which both the amplitude and the phase of the two stimulations are taken into account.
It is of theoretical interest to ascertain the particular site of this summation. A series of tests showed that this summation occurs in the region Of the sensory cells that are responding to the stimulation, and probably in the very actions of these cells. The most important of these tests was the following: With simultaneous stimulation at the two ends of the cochlea, the amount of cochlear response was observed for some given position of the recording electrode, and then this electrode was moved to different positions along the surface of the cochlear capsule. It was found that for all the low tones the readings were unchanged and that for the high tones they were altered by small amounts.
This test excludes a simple interaction of the twNowstirnuli in the fluid pathways independently of the sensory cells, for such an interaction of two waves proceeding in opposite directions would produce a complex pattern of loops and nodes. An exploration along the cochlea with the electrode would then reveal regions of intense activity alternating with regions of little or no activity; but nothing of this sort was found. This test excludes also the possibility of a primary interaction in the electrical pathways of conduction from sensory cells to recording electrode, for such an interaction would be subject to wide variations as the electrode is-moved to different positions.
The most precise manner of carrying out the above test was to adjust the two stimuli in intensity and phase so as to produce a cancellation of response as observed with the electrode at the basal end of the cochlea and then to move the electrode to the apical end of the cochlea. It was then found that for the low tones, up to 1000 cycles, no readjustments of the stimuli were necessary to maintain the null. For the high tones the balance between the two stimuli was slightly disturbed, and small adjustments of intensity and phase had to be made to restore the null. The intensity adjustments were of the order of 1 db, and the phase adjustments increased regularly with frequency until they reached 350 at 10,000 cycles, as shown in Figure 2 .
These results were interpreted by Wever and Lawrence in the following way. The stimulus delivered to the basal end of the cochlea progresses along the cochlear spiral through the fluid pathway, reaching the basal cells earlier and the more apical cells later, because of the time required for transmission through the fluid. Also, there is a slight attenuation as the stimulus passes up the cochlea. Similarly, the stimulus delivered to the apical end of the cochlea, though it reaches the very same cells, is a little earlier and stronger for the apical cells. Now other experiments have shown that two electrodes at different positions along the cochlea are subject to a resistive bias because the potentials produced by cells at different locations VOL. 40, 1954 must travel different distances to reach them. A round-window electrode records best from the more basal cells and gives only a partial indication of the actions of more remote cells. An apical electrode has a contrary bias. When, with an electrode on the round window, the cochlea is stimulated at the two ends and adjustment is made for a null, this adjustment consists of a balancing of action in the more basal cells against a more vigorous action in the apical cells. Then, when the recording is from the apical electrode, it may be necessary to readjust the stimulus relations to compensate for differences of delay and attenuation in the cells favored by this recording position. What Figure 2 shows are phase differences existing in the operation of basal and apical stimuli as these differences are seen from the two electrode positions. The fact that for the low tones no consistent differences are found signifies that for these tones the two electrodes represent patterns that are essentially alike. It appears that these tones spread broadly over the cochlea and produce an action that is much the same as seen from either end. The high tones, on the contrary, show differences between the two recording positions, and these differences increase systematically with-freuency. Evidently these tontes pr.oduce a response that is asymmetrical in form. More specifically, they mainly involve the basal end of the cochlea, and increasingly so as the frequency is raised.
We regard the results and interpretations just described and the visual observations of basilar-membrane patterns made by Bekdsy as in full agreement. As already mentioned, Bekesy observed for the low tones a broad area of activity over the cochlea and for the hih tones a more. restricted activity that IS increasingly accentuated at the basal end as the frequency rises.
Furthermore, the results are in agreement ill indicating a broad region of action of the basilar membrane over which the vibration is practically in phase. It appears that the potentials that are recorded from the cochlea are principally due to the action of cells in this primary zone. The secondary zone-that in which amplitude and phase are changing rapidly-seems to contribute little to these potentials, for if it did so there would be large variations of amplitude and phase as the electrode is moved along the cochlea.
These considerations are consistent with the evidence of a recent experiment by Be'ksy3 showing that the cochlear potentials are directly proportional to the amplitude of displacement of the basilar membrane. In this experiment he produced a trapezoidal form of displacement of the basilar membrane and found that the cochlear potential wave also was trapezoidal. If the potentials had been proportional to the velocity or to higher time derivatives of the motion, they would have taken the form of square waves or pulses.
The results of the Wever and Lawrence experiment lead to the conclusion that the pattern of cochlear action is independent of the place of application of the stimulus. This conclusion had already been reached by Bekey4 on the basis of observations on mechanical models of the cochlea. In a model whose membrane was designed to reproduce the form and elasticity of the human basilar membrane, it was found that the vibratory pattern was unaffected by moving the artificial stapes from the basal end to a position above the middle of the membrane. B6kesy pointed out also that in the guinea pig the successive coils of the cochlea are separated by only a thin sheet of bone, and thus there is a good possibility of vibratory transmission from one coil to another directly through this sheet as well as by the longer spiral path through the fluid. A similar condition sometimes is found in the human ear, and yet it seems to have no relation to the hearing. The implication of all these results is that the cochlear pattern is almost wholly determined by the mechanical characteristics of the basilar membrane and its adherent structures.
Wever and Lawrence regarded their experiments, and other evidence as well, as out of harmony with a traveling-wave theory of cochlear action. By a "traveling wave" is meant here a wave of transmission of vibratory energy along the basilar membrane. For the original conception of such a wave in the cochlea and its theoretical applications to the problems of hearing we must go back to Hurst in 1894 and Bonnier in 1895. This type of theory has continued in consideration, with a new development of interest as a result of Bekesy's observations of cochlear action.
In Bekdsy's experiments an illumination of the basilar membrane by one stroboscopic flash gave the pattern shown by curve a of Figure 1 . A second flash then gave the pattern shown by curve b, and further flashes showed the displacement pattern as located still farther to the right. Under these conditions, when the stimulus is a simple tone and the stroboscopic frequency is appropriately chosen, the displacement wave seems to be moving up the cochlea. Actually, of course, what is happening is that each element of the membrane is executing sinusoidal vibrations but the different elements are executing these vibrations in different phases. This action can be referred to as that of a traveling wave, provided that we mean simply to indicate that the amplitudes along the membrane are changing from moment to moment in the manner described, and nothing is implied about the clog,. 40, 1954 underlying causes. It is in this sense that Bek6sy used the term "traveling iwave" in reference to his observations. It should be made clear that Wever and Lavrence, in their rejection of the traveling-wave theory, were not implying that there was anything at fault in Bekesy's observations of the cochlear action. Indeed, as already pointed out, their experimental results are fully in accord with these observations. Their position was that the observed traveling wave is to be taken simply as a temporal pattern of motion.
In this connection, the crucial problem with which Wever and Lawrence were concerned is how any given segment of the basilar membrane gets the energy that makes it vibrate. There are two possibilities: this energy may come from neighboring parts of the membrane, or it may come from the cochlear fluid. A little consideration will show that both these possibilities must be accepted as valid in some degree, and the issue becomes one of their relative importance. Some persons have taken the position that energy flow along the cochlea is mainly or almost exclusively through the basilar membrane. The usual form of this "membrane Iiiypothesis" is that the stapes in its motion brings about a transfer of energy through the fluid in its immediate vicinity to the basal end of the basilar membrane, and thereafter the energy flow is apicalward along the membrane. The alternative or "fluid hypothesis" is that stapedial energy is transmitted through the fluid directly to all parts of the membrane and that relatively little energy passes along the membrane itself.
Evidence on this problem comes largely from clinical studies on the temporal bones of persons whose hearing had been tested before their death. As observed by Mayer-and also by Crowe, Guild, and Polvogt,6 the basal end of the basilar membrane is sometimes greatly thickened or even heavily calcified for distances of 2 mm. or more, yet this condition has no effect upon threshold sensitivity for tones at least up to-8192 cycles. Also, Guild7 found in the lower apical region of an ear of the Johns Hopkins collection an anomalous connection between the basilar membrane and the adjacent bony walls, and yet the sensitivity for low tones was within normal limits. On the "membrane hypothesis" these abnormalities should have caused a widespread reduction of membrane movement, at least in the regions apicalward of the affected spot, and thus a notable impairment of hearing. Largely on the basis of this evidence, Wever and Lawrence rejected the "membrane hypothesis" and argued that vibratory energy passes freely through the cochlear fluid to all regions of the basilar membrane.
B6k6sy did not consider that his visual observations gave any decisive evidence on the paths of energy flow in the cochlea, and therefore he has not taken any position on this issue.
